Purpose: To correlate sonographic renal parenchymal measurements among patients with ureteropelvic junction obstruction (UPJO) labeled society of fetal urology (SFU) hydronephrosis grades 1-4 and to examine whether sonographic renal parenchymal measurements could be used to differentiate conservative vs. surgical management.
inTrODUcTiOn Ureteropelvic junction obstruction (UPJO) is one of the most common causes of prenatal urinary tract dilation (UTD) in children accounting for up to 30% of cases (1) . Currently, standard work-up for postnatal UTD secondary to UPJO includes renal and bladder ultrasound (RBUS), voiding cystourethrogram (or radionuclide cystography), and radionuclide renography. Serial RBUS and sometimes repeat functional scans are used to follow these children conservatively and determine the need for surgical management. The most widely accepted sonographic measurement systems to assess UTD are the semi-quantitative society of fetal urology (SFU) hydronephrosis grading system (2) and the quantitative anterior-posterior renal pelvic diameter (APRPD) (3) (4) (5) . These grading systems do not demonstrate ideal interobserver reproducibility (1) . The search for alternate methods of evaluation and follow-up of postnatal UTD has been ongoing. Significant research efforts have been put on RBUS to avoid the costs, radiation exposure, and invasiveness of radionuclide renography, CT scan, or MRI. A novel approach to evaluate the kidney using sonographic renal parenchymal measurements was presented by Kadioglu in 2010, who measured normal sonographic renal parenchymal measurements in healthy children (6) .
First, the aim of our study was to evaluate these three sonographic renal parenchymal measurements in the settings of unilateral UPJO and to compare them with the APRPD and SFU grading systems. Second, we looked at those patients with SFU grades 3 and 4 who were managed medically vs. surgically to see if there was a difference in sonographic renal parenchymal measurements between the two groups.
MaTerials anD MeThODs
A multi-institutional retrospective study was conducted between 2009 and 2014 using medical records and images obtained from three children's hospitals in South Texas (Driscoll Children's Hospital, Methodist Children's Hospital, and Children's Hospital of San Antonio). Following IRB approval (study #11.018 and protocol #HSC20140444E) at these institutions, we identified patients with postnatal UTD secondary to UPJO using ICD-9 and CPT-codes. Only those children with unilateral UPJO without concomitant genitourinary pathology were included in the study. Examples of exclusion pathology include vesicoureteral reflux (VUR), bilateral UPJO, history of posterior urethral valves, duplicated collecting system, etc. Patients with incomplete imaging and/or follow-up were also excluded from the study.
As per hospital protocol, all patients undergoing RBUS were well hydrated orally with full bladders at the time of the study. Three sonographic renal parenchymal measurements were obtained for each kidney. Figure 1 illustrates how each measurement was obtained. Renal length was measured from the uppermost edge of the upper pole to the lowest edge of the lower pole. Medullary pyramid thickness is the distance from apex of the renal pyramid to its base. Renal parenchymal thickness is the distance between renal capsule and the apex of the pyramid. All measurements were taken in the sagittal plane using the image depicting the greatest length of the kidney. Medullary pyramid thickness and renal parenchymal thickness were measured in the middle third of the kidney; APRPD was measured in the transverse view for each kidney. All measurements were saved in digital files and reviewed by a single pediatric urologist (Juan C. Prieto) on two different occasions during the study period to improve intra-observer reliability.
Initial conservative management was given to all SFU grades 1-4 hydronephrosis except for those with grades 3 and 4 with a differential renal function ≤40%. Standard follow-up for SFU grades 3 and 4 included a RBUS every 3 months during the first year of life and every 4 months in the second year with frequency in subsequent years determined on an individual basis. Renal scans were ordered in patients with SFU grades 3 and 4 hydronephrosis according to the discretion of the clinician. Indications for pyeloplasty included worsening hydronephrosis, differential renal function decreased by ≥10%, and symptoms (e.g., UTI, vomiting, and failure to thrive).
A mixed linear regression model controlled for age and laterality was used to compare the sonographic renal parenchymal measurements with the APRPD and SFU grading systems to determine if there was a statistically significant difference in these sonographic renal parenchymal measurements with worsening degrees of hydronephrosis. A mixed model estimate of the surgical effect was used to test the association between treatment (surgical vs. conservative) and sonographic renal parenchymal measurements. The association tests between demographic and clinical measures were performed with non-parametric tests (Fisher's and Kruskal-Wallis tests).
resUlTs
During the study period, 507 children were identified to have postnatal UTD. Patients with other causes of UTD and those with UPJO who did not meet the aforementioned inclusion criteria were excluded from the study. A total of 104 patients with unilateral UPJO underwent a total of 244 RBUS with 488 kidneys being measured. This yielded a total of 1,464 sonographic renal parenchymal measurements to be included in our analysis. Additionally, APRPD was measured in 231 RBUS (462 kidneys). Fifty-nine patients were managed conservatively, and 45 underwent pyeloplasty. Table 1 shows the baseline demographic data, and Table 2 shows the mean and Standard Deviation (SD) of each sonographic renal parenchymal measurement. In regards to our study goals, when comparing all SFU grades, both medullary pyramid thickness and renal parenchymal thickness demonstrated a significant decrease with worsening hydronephrosis (p < 0.05 for both measurements). Similarly, when SFU grades 1 and 2 were compared to SFU grades 3 and 4, a statistically significant decrease for each measurement was also obtained (p < 0.05, Figures 2A,B) . In comparing renal length to SFU grades, an increase in renal length correlated with worsening hydronephrosis (p = 0.06). Moreover, when SFU grades 1 and 2 were compared to grades 3 and 4, a significant increase in renal length was documented in the SFU 3 and 4 group (p < 0.05, Figure 2C ).
When APRPD was compared to all SFU grades, an increase in APRPD was seen with worsening hydronephrosis (p < 0.05). Likewise, when SFU grades 1 and 2 were compared to SFU grades 3 and 4, a significant increase in APRPD was found in the SFU 3 and 4 group (p < 0.05, Figure 2D ). All three sonographic renal parenchymal measurements were also compared to APRPD, and the same trend was appreciated. Medullary pyramid thickness and renal parenchymal thickness showed moderate negative correlations to increasing APRPD, r = −0.41 and −0.28, respectively. Renal length showed moderate positive correlation (r = 0.5).
In comparing those patients with SFU grades 3 and 4 who were treated with expectant vs. surgical management, only renal length showed a statistically significant difference (p = 0.02). Radionuclide renography was obtained in 23 patients; however, differential renal functions or washout data were not included in the evaluation, since the majority of the images were not available for review. On average, patients treated surgically had a renal length 10.51 mm (±4.436 mm) greater than those treated conservatively. Medullary pyramid thickness showed a trend toward decreasing renal length (0.625 ± 0.355 mm) but this measurement did not reach statistical significance (p = 0.08). It should be noted that this last finding is limited by the retrospective nature of our study resulting in the lack of data regarding the decision to perform surgery on individual patients. These findings are summarized in Table 3 .
DiscUssiOn
In the settings of UPJO in children, significant attention has been given to assessment of renal pelvis dilation, calyceal dilation, and qualification of the renal parenchyma; however, little attention has been given to objective quantification of the renal parenchyma. Evaluation of the renal parenchyma and renal growth is paramount, since it provides an estimate of the renal functional reserve. Two recognized classifications systems have been proposed to rank prenatal and postnatal UTD: that of Grignon et al. which relies on APRPD (7), while that of SFU relies on the extent of intrarenal calyceal dilatation (2). Additionally, others have attempted to integrate these systems into a semi-quantitative grading system. Onen proposed combining the degree of pelvicalyceal dilation with the percentage of loss of renal parenchyma (3) (4) (5) . This alternate system does not offer an objective quantification of the renal parenchyma and has decreased inter-rater reliability in comparison to the SFU grading system (8) .
Several other sonographic parameters have been studied to evaluate UTD in children: pelvicalyceal area, parenchymal to pelvicalyceal area (hydronephrosis index), calyx to parenchymal ratio, and pelvicalyceal volume on 3D RBUS (9-11). These measurements are difficult to assess and require access to specialized software or equipment, making them less commonly used in clinical practice (1). In patients with VUR, Shortliffe et al. have extensively studied renal volume measurements estimated from CT and MRI. They showed that renal volume could estimate differential function; renal volume is decreased in refluxing vs. non-refluxing kidneys (12) . They also studied 2-D renal parenchyma area (RPA) from RBUS as a surrogate for renal volume. RPA was found to be smaller in children with high grade VUR (grades 4 and 5) in comparison to low grade VUR (grades 0-3) (13, 14) .
As mentioned above, measurements of the renal parenchyma are complex to assess and to quantify. Due to these drawbacks, the pediatric urology community has not adopted renal parenchymal measurements in the evaluation and follow-up of congenital UPJO. Despite significant efforts made by the Multidisciplinary Consensus on the Classification of Prenatal and Postnatal UTD, renal parenchymal thickness remains a subjective categorization within this new classification system (1) .
In an effort to find an objective quantifiable measurement of the renal parenchyma for the evaluation of UTD, our group introduced a recently described sonographic renal parenchymal measurements system for the postnatal evaluation of unilateral prenatal UPJO. This 2-D sonographic measuring system has the advantage of being easily reproduced and quickly obtained. We compared these three sonographic renal parenchymal measurements with the already established APRPD and SFU grading systems. We demonstrated a significant correlation of all sonographic renal parenchymal measurements with worsening hydronephrosis. A significant decrease in medullary pyramid thickness and renal parenchymal thickness was observed with worsening hydronephrosis (by the SFU grading system and APRPD). Furthermore, when comparing mild grades of hydronephrosis (SFU 1 and 2) with more severe grades (SFU 3 and 4), a significant increase in renal length was documented in the severe group (p < 0.05). To the best of our knowledge, this is the first study to use these quantifiable sonographic measurements of the renal parenchyma in the evaluation of postnatal UTD secondary to UPJO. Previous studies included subjective qualification and quantification of the renal parenchymal thickness but none used an objective quantifiable measurement system to correlate it with the most commonly used hydronephrosis grading systems.
Due to the retrospective nature of this study, we were not able to correlate our sonographic renal parenchymal measurements with the need for pyeloplasty. Even in this small cohort of surgeons, indications for the procedure were ill defined, and nuclear renal scans were not consistently available for review. However, we were able to demonstrate increased renal length and decreased medullary pyramid thickness in patients with SFU grades 3 and 4 hydronephrosis who underwent pyeloplasty.
The utility of radionuclide renography, SFU grading, APRPD, and other qualitative parenchymal thickness measurements has been studied as potential indicators for pyeloplasty. A report from Great Ormand Street indicated that pyeloplasty was only needed in approximately 25% of hydronephrotic kidneys when based on decreasing renal function, UTI, or pain (15) . Subsequently, Koff and Campbell reported non-surgical management in 45 patients with SFU grades 2-4, finding none experienced decreasing renal function requiring surgery. Complete resolution of UTD was only seen in 2 out of 15 of the SFU grade 4 kidneys (16). Most recently, Sharifian et al. showed that hydronephrosis on postnatal ultrasounds correlated with antenatal diagnosis in 70% of patients. Furthermore, they showed that APRPD of 15 mm differentiated the surgical group with 95.2% sensitivity and 73.5% specificity (9) . Their results were similar to that of Bouzada and colleagues (10) . Dias et al. showed that the combination of prenatal and postnatal APRPD on postnatal ultrasound had a better accuracy in predicting need for pyeloplasty than SFU grading system (11) . By combining fetal APRPD >18 mm with postnatal APRPD >16 mm, they predicted surgical status with 100% sensitivity and 86% specificity (11) . Importantly, only three of the patients (8%) managed expectantly presented with UTI and no patients with acceptable ultrasound criteria later underwent pyeloplasty. Other measurements, such as calyceal depth-to-parenchymal thickness ratio, have been used to assess ultrasound changes post-pyeloplasty, but not to predict surgical intervention (17) .
To improve the sensitivity and specificity of the above measurements, others have integrated these variables into comprehensive quantitative models. Wang et al. performed a multivariate logistic regression model using the variables of unilateral or bilateral hydronephrosis, APRPD, and renal parenchymal volume to predict surgery with an accuracy of 78.77%, sensitivity of 81.63%, and specificity of 77.69% (18) . Zhan et al. derived an ultrasound score, the sum of standardized grading system of APRPD, renal parenchymal thickness, and SFU grade (19) . The authors found that a score of 6 or higher diagnosed pathologic hydronephrosis with a sensitivity of 89.8% and specificity of 94.2%. Cost et al. discovered that renal length parenchymal area is more accurate in estimating renal size and function than solitary sonographic renal parenchymal measurements in hydronephrotic kidneys (20) . The ratio of renal longitudinal parenchymal area to pelvic area predicted surgical management for a cutoff of 1.6 with a sensitivity of 100% and specificity of 100%. However, obtaining this measurement is time consuming and requires significant computing resources that are not available to all practitioners.
We identified several drawbacks to our study. First, it is a retrospective study performed in three different institutions; this presents unique problems, such as different hydration protocols at these institutions, which will affect RBUS results. Second, due to the 2-D nature of the study using different sonogram machines, significant variation in intra-and interobserver reliability was expected. To avoid inter-rater variability and to favor intra-observer reliability, one pediatric urologist performed all measurements in two separate occasions during the study period.
Prospective studies are needed to define range values of these 2-D sonographic renal parenchymal measurements for the prenatal and postnatal UDT classification system. Furthermore, it will be necessary to elucidate the value of these measurements in the postnatal management of UPJO by correlating these sonographic renal parenchymal measurements with worsening hydronephrosis and decrease differential renal function. Due to the simplicity and reproducibility of these measurements, there is a significant potential for these measurements to become useful practical tools for pediatric urologists when making the decision between conservative vs. surgical management in children with UPJO.
cOnclUsiOn
Although there are many methods of grading UTD, any clinically useful technique should be easily reproducible, predictive of renal damage, and useful for assessing worsening or improvement of urinary obstruction. Here, we present the first study that objectively evaluates these 2-D sonographic renal parenchymal measurements in patients with UTD secondary to prenatal UPJO. These sonographic renal parenchymal measurements correlate closely with worsening hydronephrosis, as assessed by SFU and APRPD grading systems. Prospective studies are needed to elucidate the value of sonographic renal parenchymal measurements as an objective quantifiable tool to evaluate and follow children with UPJO and to determine if these measurements could serve as an additional indication for surgical intervention.
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